of the effect of occupational exposure to formaldehyde on the risk of lung cancer in two Canadian population-based case-control studies. Scand J Work Environ Health. 2013;39(4):401-410. doi:10.5271/sjweh.3344 Objective This study aimed to explore the possible association between formaldehyde exposure and lung cancer risk.
Formaldehyde (CH 2 O) is an organic compound widely used throughout the world, particularly in the production of resins used in the wood (pressed wood products), paper (paper product coatings), and textile (permanent press fabrics) industries. It is also found in varnishes, glues, and plastics. As formalin, it is also utilized as a disinfectant and tissue preservative for medical purposes (1) .
Given its association with nasopharyngeal cancer (2), formaldehyde has recently been classified as carcinogenic to humans (Group 1) (3). Because of its polarized aldehyde (H-C=O) group, formaldehyde reacts quickly when it comes in contact with the body. Thus, it is plausible that exposure can lead to cancer at the first body site encountered by this chemical, such as the nasopharynx. However, formaldehyde could also induce cancer in the lower part of the respiratory tract as it has been shown previously that inhaled formaldehyde reaches the lungs (4) .
Although cigarette smoking is the primary risk factor for lung cancer, nearly all other known lung carcinogens (eg, asbestos and silica) are occupational exposures (5) . The Report on Carcinogens Background Document for Formaldehyde from the US National Toxicology Program (1) considered 23 studies that reported on the association between exposure to formaldehyde and lung cancer risk (2, . Overall, these studies generated equivocal results, with small increases in risk observed in some studies (6, 9-13, 22-24, 27) , though reaching statistical significance only in four (10, 11, 24, 27) . A wide variety of exposure assessment methods and combinations thereof were used to assess individual exposure to formaldehyde. Some of the older studies used job title (often embalmers or pathologists) as a proxy for exposure (8, 14-17, 19, 21) or a more elaborate job exposure matrix (JEM) but focused on the last job held as indicated on the death certificate (27) . Other methods included the use of (i) employment records (2, 6, 7, 9, 10, 12, 13, 18, 22, 25, 26) , (ii) a JEM, (iii) industrial hygiene data (2, 6, 10, 18, 22, 23, 25, 26) , or (iv) selfreport of exposure to formaldehyde (11, 20, 24) or occupational history (23, 28) . Information on smoking, a key potential confounder, was available and accounted for in the analyses in only seven studies (6, 11, 20, 22, 24, 25, 28) , some of which had large proportions of missing values for smoking variables. Similarly, few studies had information on exposure to other occupational lung carcinogens that may be correlated with formaldehyde exposure (2, 6, 11, 22, 28) . In addition, only six studies (2, 13, 16, 20, 21, 29) included women in their study population, though analyses by gender were reported in only three studies (13, 16, 20) .
We examined the association between occupational exposure to formaldehyde and lung cancer risk among men and women in two population-based case-control studies carried out in Montreal, Canada. These studies included detailed occupational history and extensive information on various personal, lifestyle, and environmental factors. Study I was conducted in 1979-1986 and designed to investigate many types of cancer among men, while Study II (1996-2002) focused on lung cancer among men and women. Selected results on formaldehyde exposure and lung cancer from Study I were published in an earlier article (28) . The present report is not only based on pooled data from both studies but also relies on updated exposure assessments and improved statistical methods.
Methods

Study population
The study population included participants from two case-control studies conducted in Montreal in the province of Quebec, Canada. Both studies used the same methodology, which has previously been described in detail (30) (31) (32) .
Briefly, cases were Canadian citizens residing in the Montreal metropolitan area during the study period, and diagnosed with an incident, histologically confirmed cancer at one of the 18 Montreal-area hospitals. Study I included males aged 35-70 years and diagnosed with one of >20 types of tumors, including lung cancer, while Study II included both males and females aged 35-75 years diagnosed with lung cancer. Overall, 1082 and 1424 lung cancer cases were identified in Studies I and II, respectively. Ethical approval was obtained from all participating hospitals and universities, and all participants provided informed consent.
Population controls were identified from the Quebec electoral list. Men and women residing in Montreal were randomly sampled and matched to the distribution of sex and age among cases. In the province of Quebec, electoral lists are based on active procedures to enroll eligible voters, including household enumeration and record linkage with various government databases. It is estimated that 92% of truly eligible citizens residing in the province are on the list (33) . There were 740 and 2179 eligible controls identified in Studies I and II, respectively.
Among the eligible individuals identified, 857 cases and 533 controls agreed to participate (response rates of 79% and 72%, respectively) in Study I, and 1203 cases and 1513 controls agreed to participate (response rates of 84% and 69%, respectively) in Study II, for a total study population of 2060 cases and 2046 controls.
Data collection
Participants or a next-of-kin were interviewed for data collection. Proxy respondents provided information for 29.4% of cases and 12.6% of controls in Study I and 37.7% of cases and 7.8% of controls in Study II. Interviews were divided into two sections: a structured questionnaire focusing on sociodemographic characteristics (eg, age, ethnocultural origin, family income, and education) as well as lifestyle habits (eg, smoking, alcohol consumption) and a semi-structured questionnaire to obtain a complete work history. For each job held by the subject, a trained interviewer asked about the company, its products, the nature of the worksite, the subject's main and subsidiary tasks, and any additional information (eg, equipment maintenance, use of protective equipment, activities of coworkers) that may be pertinent regarding work exposures and their intensity. For some occupations, supplementary questionnaires were used to assist the interviewers with detailed technical probing (34) .
Mahboubi et al
Occupational exposure assessment
The exposure assessment method has been described elsewhere (30, 32, 35) . Briefly, occupations were coded according to the 1971 Canadian Classification and Dictionary of Occupations (36) . A team of trained chemists and industrial hygienists reviewed each participant's work history and then translated each job into a list of potential exposures without knowledge of the case or control status. They based their assessment on a checklist of 294 agents of interest, which included formaldehyde. Using their collective judgment and knowledge of industry, the team of experts took into account the specific tasks reported by study subjects and their description of the workplace rather than simply attributing exposure based on job title and industry.
For each agent considered present for a particular job, the chemists/industrial hygienists classified exposure according to three dimensions: (i) their degree of confidence that the exposure had actually occurred (possible, probable, and definite), (ii) the relative concentration of the agent (low, medium, and high), and (iii) the frequency of exposure in a normal work week. The relative concentration of each agent was established with reference to benchmark occupations in which workers are exposed to the agent, some of which were well documented with industrial hygiene measurements from the literature and others were based on the experts' accumulated knowledge. For each agent, subjects exposed up to the level found in the general environment were considered as unexposed. The frequency parameter was coded directly as a percentage in Study II but was categorical in Study I (low: <5%, medium 5-30%, high >30% of the work week). Since a quantitative value of frequency was needed for the calculation of the cumulative exposure index (see below), we estimated a quantitative value for each frequency category in Study I using frequency information from Study II. Specifically, in Study II we identified all formaldehyde-exposed jobs that overlapped for at least one year with the common temporal window of occupational history between the two studies (1950 -1980) . Among these jobs in Study II, and in the three subgroups defined by the same frequency cutoff points as in Study I, we determined the mean and median frequency of exposure to formaldehyde. We then assigned the midpoint between the mean and median to each category in Study I. Low frequency was assigned as occurring over 2.6%, medium over 14.2%, and high frequency over 98.9% of the work week, respectively.
Variable definitions
An index of exposure to formaldehyde was created to summarize cumulative exposure on a continuous scale for each individual. Only probable and definite exposures to formaldehyde occurring ≥5 years before recruitment were considered. The index was calculated as the sum, over all jobs, of the following product:
Concentration level × frequency of exposure (% of time exposed in job) × number of years exposed in job Numerical values of 1, 3, and 9 were assigned to low, intermediate, and high concentration levels, respectively. These weights represent the opinions of our expert coders as to how they used these categories (eg, that concentrations coded as intermediate were generally 3-fold greater than those coded as low). Among ever-exposed cases and controls from both studies combined, those who were in the top 25 th percentile of the index were considered as exposed at a substantial level, while the others were considered exposed at a non-substantial level.
We also examined other metrics of exposure to formaldehyde, including age at first exposure (≤20 years, >20-29 years, >29 years), duration of exposure (≤6 years, >6-20 years, >20 years), time elapsed since first exposure (≤32 years, >32-43 years, >43 years), and maximum concentration of formaldehyde encountered (low, intermediate, high). The category cut-off points for variables with continuous values were determined according to tertiles based on the distribution among controls.
Data analysis
Odds ratios (OR) and 95 percent confidence intervals (95% CI) were estimated using unconditional logistic regression in order to approximate the relative risk of lung cancer associated with each of the exposure metrics (37) . Several potential confounders were taken into account, including age (<55, 55 -64, >65 years), sex, census-based family income of the neighborhood of residence (low, medium, high), ethnocultural origin (French ancestry, English ancestry, other), respondent status (self, proxy) and number of years of schooling (<7, 7 -12, ≥13 years). Tobacco smoking was taken into account using the comprehensive smoking index (CSI), a continuous variable that incorporates information on smoking status, duration of smoking, amount smoked, as well as time since quitting in the case of former smokers (38) . Analyses were also adjusted for recognized occupational lung carcinogens (39) with a prevalence of >2% in the study population, namely, asbestos and silica. Exposure to each of these carcinogens was taken into account using a categorical variable (ever/never exposed), where ever exposed indicates that the participant had ≥1 job with a rating of at least possible exposure to a low level of the specific carcinogen.
Analyses were first conducted on the whole study population, as well as in strata defined by sex and smoking status ("never/light smokers" versus "medium/heavy
Formaldehyde and risk of lung cancer smokers"). Smokers who belonged to the 1 st quartile of the distribution of the continuous covariate CSI were regrouped with individuals who had never smoked to form the "never/light smokers" group. Smokers who belonged to the 2 nd -4 th quartiles of the distribution of the continuous covariate CSI formed the "medium/heavy smokers" group. In addition, separate analyses were conducted to examine the effects of occupational exposure to formaldehyde on each of the main histologic types of lung cancer (adenocarcinoma, small cell carcinoma, and squamous cell carcinoma). All analyses were carried out using the R software (40) and the Epicalc library (41) . Table 1 shows the distribution of our study population according to selected characteristics. As expected by the design of both studies, cases and controls were well balanced according to age and, in Study II, also according to sex. Overall, controls had higher levels of education and family income than cases. A majority of participants, and a slightly higher proportion among cases than controls, were of French ancestry. As expected, smoking was much more prevalent among cases than controls. Among male lung cancer cases from both studies, squamous cell carcinoma was the most common histological subtype (41.9% Study I; 35% Study II), followed by adenocarcinoma (19.5% Study I; 32.6% Study II). Among female lung cancer cases, almost half were adenocarcinoma (46.7%); the remaining cases were almost equally divided between other histological subtypes. Table 1 also shows the distribution of exposure to formaldehyde according to various exposure metrics. Among the 4106 individuals, 1023 (24.9%) were ever exposed to formaldehyde. Lifetime prevalence of exposure among males was similar between cases and controls: 20.8% for cases and 19.3% for controls in Study I and 22.9% for cases and 24.7% for controls in Study II. Lifetime prevalence of formaldehyde exposure was higher among females than males and higher among female cases than controls: 35.5% of female cases and 30.3% of female controls were ever exposed, the differences occurring mainly at non-substantial levels. Among men, patterns of exposure based on the cumulative index were similar in Studies I and II. Duration and age at first exposure were relatively similar between cases and controls, except among women for whom exposure lasted fewer years and occurred earlier among cases than among controls. Compared to Study I, a long time had elapsed since first exposure (>43 years) among a greater proportion of cases and controls in Study II. Among both cases and controls, maximum concentration was lower in Study II than Study I. Mahboubi et al Table 2 presents the main occupations for which the experts attributed exposure to formaldehyde in our study population. Occupations in the food and beverage industry were predominant among both males and females (chefs and cooks; food and beverage serving occupations; supervisors, food and beverage preparation and related service occupations). These occupations were assigned exposure in relation to fumes emitted during deep frying. Our experts frequently attributed formaldehyde exposure to carpenters and related occupations, based on the use of glues and processing of reconstituted wood products. Occupations in the textile industry represented a significant proportion of the exposed jobs in our study (over 30% of the occupations to which formaldehyde exposure was attributed among females), exposure being due to formaldehyde-containing resins used to confer crease resistance to fabrics. In Study II, farm workers (fumigation, formaldehyde-releasing fertilizers) and firefighters (combustion fumes) were also among the most frequently exposed occupations. In addition to carpenters, occupations in the food and beverage and the textile industries were overwhelmingly associated with low exposure, whereas medium exposure was often attributed to occupations in farming, cabinet and wood furniture makers, and firefighters. Processes and tasks traditionally associated with high formaldehyde exposure (eg, foundry, embalming, pathology) do not appear in table 2, because very few subjects held related occupations.
Results
Crude and adjusted OR for the association between formaldehyde exposure and lung cancer risk are presented in table 3. When comparing individuals ever exposed to those never exposed, we observed OR 1.06 (95% CI 0.86 -1.31) for men, OR 1.02 (95% CI 0.71 -1.47) for women, and OR 1.06 (95% CI 0.89-1.27) for men and women combined. Similarly, when considering the level of cumulative exposure to formaldehyde, categorized as substantial or non-substantial and as compared to individuals never exposed, we observed no evidence of association with lung cancer overall, among men or women. Associations for men did not significantly differ when comparing Study I and Study II. Adjusted OR were 1.20 (95% CI 0.64 -2.24) in Study I and 0.76 (95% CI 0.45 -1.26) in Study II among men for substantial exposure versus never exposed. For non-substantial exposure versus never exposed, adjusted OR were 0.96 (0.68 -1.36) in Study I and 1.28 (0.93 -1.76) in Study II among men (P-value for test for interaction by study = 0.17).
There was a slight suggestion of an increased lung cancer risk among those exposed to formaldehyde for short durations, which was statistically significant when pooling all study subjects. Among females, younger age at first exposure was associated with a non-significant increased risk. No association overall was observed with time since first exposure or maximum concentration of exposure. There was a suggestion of increasing lung cancer risk with increasing maximum formaldehyde concentration among males, but again not statistically significant. In each of the analyses presented in table 3, there was no evidence of modification of OR by sex (P>0.26 for all tests of interaction by sex). Thus, subsequent analyses were conducted on the pooled population. a Number of exposed jobs in a given occupational group divided by the total number of jobs exposed to formaldehyde; for example, among males in Study I, 6.9% of all formaldehyde exposed jobs were in the occupational group of carpenters and related occupations. b Number of exposed jobs in a given occupational group divided by the total number of jobs in that occupational group; for example, among males in Study I, 41.3% of jobs classified as carpenters and related occupations were attributed formaldehyde exposure. Table 4 shows the adjusted OR for formaldehyde, stratified by smoking status. Formaldehyde exposure was not associated with lung cancer risk among never/ light smokers or medium/heavy smokers. We also observed no associations between formaldehyde and different histological types of lung cancer (table 5) .
Discussion
Using data pooled from two large, population-based case-control studies, we observed that formaldehyde exposure was not associated with lung cancer risk overall. The associations did not appreciably differ a Individuals who have never smoked and individuals who belonged to the 1st quartile of the distribution of the continuous covariate comprehensive smoking index were considered to form the "never/light smokers" group. b Adjusted for study, age, sex, ethnocultural origin (French ancestry, English ancestry, or other), family income level (low, medium, or high), proxy respondent (yes or no), smoking (comprehensive smoking index), occupational exposure to asbestos and to silica.
among subgroups defined by sex and smoking level or according to lung cancer histology. This was generally consistent across different metrics of formaldehyde exposure. Ever exposure to formaldehyde in relation to lung cancer risk has been examined in 23 studies and reviewed in 2010 by the US National Toxicology Program (1) . Findings from these studies did not strongly support an effect of formaldehyde on lung cancer risk. Statistically significant positive associations were observed in only 2 of the 14 cohort studies (2, 6 -19) : in the subgroup of wood-related workers from a general US population cohort (11) and a large occupational cohort of British workers (10) . For three cohorts, results showed positive associations although not statistically Mahboubi et al which subgroups defined by smoking status were examined (6, 23) where differences in the formaldehyde-lung cancer associations were not apparent.
Despite the overall lack of a convincing association between formaldehyde and lung cancer in epidemiological studies, an in vitro model that mimics in vivo exposure of human lung cells to gases has recently shown that formaldehyde modified the microRNA patterns involved in gene expression regulation, specifically for genes involved in pathways related to inflammation and cancer (43) . There are some biological and methodological reasons that could explain the absence of association in our study and others. Only a small fraction of inhaled formaldehyde actually reaches the lungs (4), thus it may be that an effect of formaldehyde is observable at the population level only at a certain average, maximum concentration, or duration of exposure. In our study, even those exposed at a substantial level over their lifetime did not experience higher lung cancer risk. Non-differential misclassification of exposure to formaldehyde could have brought about the null results that we observed, but they may also reflect that there is no true association. Some limitations should be considered when interpreting our results. Exposure to formaldehyde was not measured quantitatively. Rather, it was based on semi-quantitative exposure information determined by experts from a review of the detailed lifetime occupational history. This approach has been shown to have good reliability (44 -46) and validity (47) . Nonetheless, misclassification of exposure to formaldehyde cannot be ruled out. However, since the occupational coding was conducted without knowledge of disease status, misclassification would be non-differential and would have therefore masked a true association. Another potential limitation is that a large proportion of subjects exposed to formaldehyde worked as cooks, other food-related occupations, and in textile-related occupations. In these jobs, a large proportion of workers are exposed to formaldehyde but at a low concentration level, which may not have been high enough to observe an effect. For some subjects, occupational history was provided by a proxy, which could have resulted in misclassification of formaldehyde exposure. However, these errors significant (6, 9) , one among women only (13) . In two smaller cohorts of health professionals, statistically significant inverse associations (standardized mortality ratios) were reported (8, 16) . Both studies included few exposed cases and used information from professional associations to assign formaldehyde exposure according to health profession. Among the nine case-control studies (20 -28) , statistically significant positive associations were reported in only two: a UK population-based study (27) and a more recent hospital-based case-control study conducted in Uruguay (24) . Both were among the case-control investigations with the largest numbers of exposed cases. Among the same 23 studies, only a few further analyzed each of the more refined measures of formaldehyde exposure, including exposure level (2, 10, 12, 27) , lifetime cumulative exposure (2, 6, 23, 28) , duration of exposure (2, 6, 7, 9, 10, 18, 24) , time since first exposure (6, 7, 18) , and peak exposure (2). However, even when formaldehyde exposure was analyzed using these more detailed metrics, increased risks were observed only in two studies with high exposure level (10) and longer exposure duration (24) , and a decreased risk was reported with longer duration in another (7). More recently, Checkoway and collaborators (42) reported an increased risk of lung cancer among female textile workers exposed to formaldehyde for >10 years, although not statistically significant and based on small numbers (42) .
We examined various metrics of formaldehyde exposure and, consistent with the majority of previous studies, did not observe an association between formaldehyde exposure and lung cancer risk overall. The fact that an association was also not observed among subgroups defined by sex, smoking level, or histological subtype further supports formaldehyde not being associated with lung cancer risk. Our null results among women are consistent with those reported in the only three studies presenting results separately for women (13, 16, 20) , among which there was no evidence of an association. To our knowledge, our female case series represents the largest used to study formaldehyde to date and the one with the greatest proportion of exposed women (35.5%). Lastly, on stratifying by cumulative smoking history, our results were concordant with those from two studies in would be minimized by the fact that a majority of proxy respondents were spouses who had knowledge of their spouses' job history, from which our experts attributed exposure to formaldehyde. When we performed sensitivity analyses restricted to self-respondents, results were unchanged (data not shown).
A major strength of our study is the large study population that included 2060 biopsy-confirmed lung cancer cases, thereby representing the largest case series published to date. Unlike most previous studies that were based on occupational cohorts (2, 6-10, 12 -19, 22, 23, 25, 26) , our case-control study was population-based and thus evaluated a wide range of levels of exposure to formaldehyde, as well as considered the entire occupational history. The lifetime prevalence of exposure to formaldehyde was high, 25.0% among all controls and 24.9% among all cases, leading to relatively large numbers of exposed subjects. Participation rates were relatively high in both studies I and II, thereby reducing the potential for selection bias (48) . Furthermore, we presented results separately for women, stratified our analyses according to smoking levels, and estimated the associations according to histological subtypes, thus providing results for subgroups not often analyzed in previous studies. Finally, an important strength of our study is that it took into account many important potential confounders such as age, ethnocultural origin, income, education, and the main lung carcinogens, ie, smoking using the CSI and occupational lung carcinogens (asbestos and silica).
In summary, we conducted comprehensive analyses using several metrics of exposure, studying specific subgroups of the population and adjusting the estimates for important confounders. However, individuals were often exposed at low concentration levels, which should be considered in the interpretation of our findings. Overall, our results do not support an increased risk of lung cancer among workers exposed to formaldehyde, in line with most previous studies.
